There has been considerable recent interest in the possible effects of proteins upon the biological properties of DNA; the role of histones in regulation of RNA synthesis has been discussed by a number of workers,1'2 while Monod and his colleagues3 have suggested that in inducible enzyme synthesis the regulatory substance acting upon DNA is a protein. All of these studies have been concerned with the ways in which protein may regulate the stability of the helical DNA structure, making the bases more or less accessible for their potential roles in DNA and RNA synthesis.
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The experimental investigations of the effect of histones upon DNA stability demonstrate that they further stabilize the already stable two-stranded helical structure.1 2 In this paper we report an interaction between DNA and bovine pancreatic ribonuclease which leads to a marked destabilization of the helical DNA structure. It seems likely that this property of RNAase may have more general implications with regard to the mode of action of nucleases, polymerases, and other enzymes which' act upon DNA. It is also conceivable that this kind of destabilization may be a prototype of protein-DNA interactions which have a regulatory role in biological systems.
Materials and Methods.-Optical studies of thermal denaturation were carried out in a Zeiss PMQ II spectrophotometer, as described previously.4 Optical rotation measurements were made in a Rudolph Model 80 polarimeter, with photoelectric detector and oscillating polarizer. Temperature was determined to :4-0.0500 by averaging the readings obtained in two dummy tubes placed in the thermostat fluid line on either side of the sample tube. The Spinco Model E ultracentrifuge was used for analytical studies; measurements were made at 59,780 rpm. The Spinco Model L was used for sucrose gradient measurements, employing the SW-39 rotor and the gradient generating technique described by Martin and Ames.5 Conductance was measured using a Wheatstone bridge circuit in which two adjacent arms were conductivity cells, one containing solvent only and the other containing DNA solution or a DNA-RNAase mixture, both immersed in the same oil bath. The other two bridge arms were a fixed resistor and a variable resistor which could be adjusted to balance. Measurements were made at 1,000 cycles/sec. The variable resistance at balance has a value proportional to the ratio of the resistance of the DNA solution to that of the solvent. If both cells are filled with solvent, this ratio is independent of temperature. In the experiment described, three cells were used, one filled with solvent, another with DNA solution, and the third with DNA-RNAase solution. By substituting one of the latter two cells for the other, it was possible to study the effect of RNAase in a single experiment under conditions identical to those of the control. The precision of resistance measurements was 410.03%.
Several samples of bovine pancreatic RNAase were used. These were commercial preparations, a few from Worthington Biochemical Corp., but most from Gallard-Schlesinger Corp., described as "chromatographically homogeneous, salt-free, protease-free." Some samples were further treated by passing aqueous solutions through columns of Bio-Rad Cellex D (DEAE-cellulose).
Other samples purchased from Mann Research Laboratories were purified fractions A, B, and D prepared according to the method of Taborsky.6 All of these samples gave qualitatively similar results in optical denaturation studies. The Gallard-Schlesinger samples were carefully tested for absence of DNAase activity by incubation (3 hr, 370) of 0.8 ml of DNA solution similar to that used in the optical density studies, either at pH 7 in phosphate buffer, or at pH 8.5 in Tris buffer, in the presence of 0.5 mg of RNAase. The reaction was ended by adding 0.25 ml of 15% perchloric acid and centrifuging for 15 min at 18,000 rpm in a Servall SS-34 rotor. The absorbance of the supernate showed no release of acid-soluble material.
DNA was isolated from calf thymus by a method similar to that of Kay, Simmons, and Dounce,7 which has been described previously.8 T4 phage DNA was prepared by the method of Mandell and Hershey.9 Various samples of a commercial preparation of calf thymus DNA (Worthington Biochemical Corp.) were also used.
Reduced RNAase, prepared by the method of Anfinsen and Haber'0 was a gift of Dr. R. Goldberger.
Assays for RNAase activity were performed using a method derived from that of Kunitz.11 The final reaction mixture contained 0.85 mg RNA (Schwarz, yeast, acid reprecipitated) and 6 jug bovine serum albumin in 0.8 ml of 0.064 M acetate buffer at pH 5.0. After incubation for 10 min at 370, the reaction was terminated by adding 0.12 ml of 25% perchloric acid containing 1.5% uranyl acetate. The mixture was allowed to stand at 00 for 10 min, then centrifuged in a Servall SS-34 rotor at 5,000 rpm for 15 min. A 0.2 ml sample of the supernate was added to 0.8 ml of water, and the absorbance read at 260 mP. The absorbance was linear in RNAase concentration in the range 0.04-0.4 ,g of RNAase. Assays for purposes of demonstrating inhibition by DNA were performed by adding concentrated DNA solutions to the above mixture before making up to volume. Assays of sucrose gradient fractions were performed under conditions which involved no measurable inhibition by the relatively small quantities of DNA present.
Assay for denatured DNA in the presence of native DNA was performed upon fractions from the sucrose gradient sedimentation by diluting 0.15 ml of the fraction with 0.7 ml H20 in a spectrophotometer cuvette, measuring the absorbance at 260 mpu, then adding 0.1 ml of 1 M NaCl, mixing, and reading again. The absorbance change not due to dilution is directly proportional to the denatured DNA concentration.'2 The accuracy of these measurements is probably not greater than 4110%.
Results.-The addition of pancreatic RNAase to a solution of calf thymus DNA in 0.002 M NaCl, 0.001 M phosphate buffer, pH 7.1, results in a marked lowering of the temperature at which denaturation commences ( Fig. 1) , as measured by the hyperchromism at 260 mwu. However, between 550 and 650 there is a halt in the absorbance increase, and absorbance subsequently decreases when the temperature is raised. Further temperature increases result in resumption in the upward trend in absorbance, but the curve now lags behind that of the control. Similar experiments at higher ionic strength ( Fig. 2 ) result in curves showing the same general behavior: below about 600, there is destabilization of the RNAase-DNA mixture relative to the control; above 600, the mixture is more stable than the control. If the ionic strength is so high that there is no significant denaturation below 600, only the stabilization effect is observed. If, in the experimental situation described in Figure 1 , the temperature is raised slowly to 550 and then returned slowly to 250, the absorbance returns to its starting value along the same path, an additional demonstration (see Materials and Methods) of the absence of DNAase activity in the system. In a similar experiment in which the solution was heated to 650, then cooled, the final absorbance was also the same as the starting absorbance. We have analyzed the hyperchromic dispersion4 produced by RNAase, and find that the effect is exerted predominantly upon A-T rich regions. A typical experiment in 0.002 M NaCl, 0.001 phosphate, shows an increase in A-T pairs denatured at 490 when RNAase is added, amounting to about 20 per cent of the A-T pairs (RNAase concentration 0.06 mg/ml, DNA concentration 1.2 X 10-4 M), while there is at most an increase in G-C denaturation amounting to about 5 per cent of all G-C pairs.
Other variables which are measures of degree of denaturation are similarly affected by RNAase. In Figure 3 , the fractional increase in electrical conductivity, compared to solvent alone, is shown for DNA with and without RNAase. It has been shown in earlier studies'3 that the conductivity increase is correlated with denaturation. The addition of RNAase causes the same destabilization at low temperatures and stabilization at high temperatures revealed by the optical method. The optical rotation undergoes changes similar to those of optical density and conductivity. It should be noted particularly in Figure 4 that the reversal of the DNA destabilization effect coincides with the change in optical rotation of RNAase alone which occurs when RNAase undergoes its well-known thermal transition to a more unfolded form. '4 Hofstee15 has reported that under certain conditions of ionic strength and RNAase concentration a precipitate is formed with DNA. It should be pointed out that, in the systems described here, there were neither precipitates nor suspended aggregates. The absorbance of solutions was frequently checked at 340 mis to ascertain that it was small (usually 0.006 or less) and constant with temperature.
Analytical ultracentrifuge studies revealed an increase in the median value of S20,w compatible with the almost threefold increase in molecular weight.'6 There was no loss of material from solution at low rotational speeds, as judged by comparison of a photograph made during acceleration (at 5,000 rpm) with one made when operating speed was attained. Precipitation was sometimes observed at low ionic strength, using DNA concentrations greater than 10-4 M. This could be prevented by working at a pH of 8.0-8.5 (where the denaturation effects still occur) or by forming the complex at pH 9 and adjusting the pH afterward with HCl.
In an attempt to understand the basis of the destabilizing action of RNAase, we have carried out direct studies of the binding of RNAase to DNA. Figure 5 shows a sucrose gradient zone sedimentation pattern of a calf thymus DNARNAase mixture in 0.01 M NaCl, 0.001 M phosphate, pH 7.1. It will be noted that the specific activity (RNAase:DNA ratio) is the same throughout the band, and that no detectable free RNAase remains at the top of the tube. The RNAase-DNA interaction is strong under these conditions.
The question of the relative affinity of RNAase for native and denatured DNA is also of interest. A direct measurement by dialysis equilibrium, using an RNAasepermeable membrane, with native DNA on one side of the membrane and denatured DNA on the other, proved impossible, because of the long equilibration time involved. A measurement was therefore made of the distribution of RNAase between native and denatured DNA in a sucrose gradient zone ultracentrifugation. Native calf thymus DNA was sonicated briefly, and a portion of this was heatdenatured to give a material with S20,, of about 5. Two experiments were performed: in the first, native whole DNA was mixed with denatured sonicated DNA; in the second, native sonicated DNA was mixed with denatured whole DNA. RNAase was added to both, the mixture incubated at 40 for one week, and 0.25 ml of the samples layered on the sucrose solutions. Fractions were analyzed for native and denatured DNA and RNAase. In both experiments, the specific activity (RNAase activity per unit total DNA concentration expressed in monomoles of phosphate) was largest in the region of the band where the ratio of denatured to native DNA was largest. If it is assumed that the free RNAase concentration is constant throughout the band, then simple considerations of equilibrium lead to the prediction that a plot of (RNAase activity/native DNA concentration) versus (denatured DNA concentration/native DNA concentration) should be linear. Figure 6 shows that both sets of data fall on the same straight line, a result consistent with the assumption concerning free RNAase concentration. It can be shown that the system equilibrates in a time short compared to the sedimentation time by adding native sonicated DNA to a mixture of denatured whole DNA and RNAase just before sedimentation. The distribution of the components is identical with that observed when RNAase is added to the mixture of DNAs, and incubated one week before sedimentation. On the basis of this model, it can be estimated that the ratio of the RNAase affinity constants, Kden./Knat. is 4-10, assuming that both native arid denatured DNA have the same number of "sites" per unit concentration available for binding.
Results consistent with this conclusion are also obtained from a study of RNAase enzymic activity in the presence of native or denatured DNA. Under the conditions of the assay (see Methods), a concentration of denatured DNA approximately equal to that of the RNA results in reduction of the activity by about 70 per cent. The same concentration of native DNA causes a 15 per cent reduction in activity.
The effect of RNAase appears to depend upon its conformation: reduced RNAase causes only a rise in denaturation temperature. Chymotrypsin also causes a rise, while lysozyme and bovine serum albumin have little measurable effect. 17 Effects of native RNAase upon T4 phage DNA are qualitatively similar to those reported for calf thymus DNA.
It should be noted that the "bump" in the denaturation curves shown in Figures  1 and 2 is not always observed, but is dependent upon the ratio of RNAase to DNA concentrations. The general effects of destabilization below 600 and stabilization above 60°are, however, always observed. Some precautions must also be taken with regard to mixing RNAase and DNA so that there is never a local excess of RNAase; without such precautions precipitate may form. It also has been found that the strength of the interaction is much reduced by salt concentrations 0.1 M or higher.
Discussion.-The results show that below about 600 RNAase has a destabilizing effect upon native DNA, while above that temperature it has a stabilizing effect. The critical temperature region is just that in which RNAase itself undergoes a temperature-induced transition to a more unfolded form, and it appears reasonable to conclude that native RNAase destabilizes the helical structure, while "denatured" RNAase, acting like an ordinary polycation, stabilizes it. The absence of the destabilizing effect with reduced RNAase is consistent with this picture.
The studies of competition for RNAase between native and denatured DNA are consistent with the destabilizing effect; in an equilibrium system, the lowering of the denaturation temperature must arise from the preferential binding of the RNAase to the denatured form. The results summarized in Figure 6 were obtained at 40, rather than at the denaturation temperature, but the enzyme inhibition study carried out at 370 gives similar results, suggesting that the ratio of the two affinity constants is relatively independent of temperature below the denaturation temperature of RNAase. It is surprising that there is no large change in the denaturation temperature of RNAase itself, arising from its interaction with DNA. This presumably is the result of approximately equal strengths of binding of native RNAase to denatured DNA and of denatured RNAase to native DNA. In that case, the denaturation temperature of RNAase would be perturbed very little provided that its denaturation occurred in a temperature region where native and denatured DNA concentrations are of the same order of magnitude.
It seems likely that the properties of RNAase described in this paper are related to its nuclease activity; the preferential binding to denatured DNA may arise from the specificity of interaction between RNAase and the bases of the polynucleotide, even though DNA is not a substrate. These properties of RNAase may be of more general significance in connection with the partial or complete "unzippering" of the helical DNA molecule, a process which must presumably occur when DNA is acting as a template for DNA or RNA synthesis. It seems possible that destabilization of helical structure may be a property of many enzymes which act upon or in conjunction with DNA, and that the "unzippering" activity is inherent in the enzyme, requiring no other enzyme or energy source. This does not seem an unreasonable situation, since enzymes which must "recognize" the bases are likely to have a greater affinity of binding to denatured DNA than to the native form, an affinity which ensures a lowering of the denaturation temperature. Recent results with the enzyme micrococcal nuclease'8 suggest that there are major differences in the nature of the enzyme complexes with native and denatured DNA, both of which are substrates.
